Transcriptional events involved in the development of human cerebral neocortex are poorly understood. Here, we analyzed the temporal dynamics and laterality of gene expression in human and macaque monkey neocortex. We found that interareal differences exhibit a temporal hourglass pattern, dividing the human neocortical development into three major phases. The first phase, corresponding to prenatal development, is characterized by the highest number of differential expressed genes among areas and gradient-like expression patterns, including those that are different between human and macaque. The second, preadolescent phase, is characterized by lesser interareal expression differences and by an increased synchronization of areal transcriptomes. During the third phase, from adolescence onward, differential expression among areas increases again driven predominantly by a subset of areas, without obvious gradient-like patterns. Analyses of left-right gene expression revealed population-level global symmetry throughout the fetal and postnatal time span. Thus, human neocortical topographic gene expression is temporally specified and globally symmetric.
INTRODUCTION
The cerebral neocortex (NCX) is organized into functionally distinct sensory, motor, and association areas that provide the biological substrates underlying perception, behavior, and cognition (Brodmann, 1909; O'Leary and Sahara, 2008; Rakic, 1988; Rash and Grove, 2006; Sur and Rubenstein, 2005) . While the basic architecture of this areal map is shared among mammals, important species-specific organizational differences have allowed for the elaboration of human-specific cognition and behavior (Hill et al., 2010; Juda s et al., 2013; Kaas, 2012; Kennedy and Dehay, 2012; Lui et al., 2011; Molná r and Clowry, 2012; Preuss, 2011) .
Another key feature of the human NCX is that it covers the surface of the left and right hemispheres, each comprising a topographically matched, though slightly structurally and functionally asymmetric areal map (Amunts et al., 2003; Gazzaniga et al., 1962; Geschwind and Levitsky, 1968) . This asymmetric organization plays a crucial role in functional lateralization of many cognitive and motor functions, such as language and handedness, between the hemispheres. Several lines of evidence indicate that these asymmetries are reflected at the molecular (Sun et al., 2005) and cellular (Amunts et al., 2003; Hayes and Lewis, 1993) levels. Structural asymmetry first appears during the late midfetal period (Chi et al., 1977; Kasprian et al., 2011) and becomes more prominent during early postnatal development when functional asymmetries become noticeable (Amunts et al., 2003; Hill et al., 2010) .
Multiple lines of evidence indicate that distinct human neocortical areas, and the hemispheres as a whole, mature at different rates (Flechsig, 1901; Giedd et al., 1999; Giedd and Rapoport, 2010; Huttenlocher and Dabholkar, 1997; Sowell et al., 2003) . For example, axons in primary sensory-motor areas start to myelinate before those in the association areas (Flechsig, 1901) . Other processes such as synaptogenesis also exhibit prominent interareal differences in their maturational trajectories (Huttenlocher and Dabholkar, 1997) . Furthermore, the right hemisphere appears to mature faster than the left during late fetal and early postnatal development (Taylor, 1969; Thatcher et al., 1987) .
There is increasing evidence to suggest that processes regulating areal patterning and asymmetry, as well as the maturational trajectories of these processes, are affected in major psychiatric and neurological disorders (Cullen et al., 2006; Faludi and Mirnics, 2011; Piao et al., 2004; Rapoport and Gogtay, 2008) . Moreover, the progression of certain neuropathologies follows a stereotypic areal pattern (Braak et al., 1993) , indicating that the mechanisms involved in patterning and asymmetry may play a role in the manifestation of disease. However, little is known about these developmental processes in normal or diseased human brains, or how they differ among mammals, especially closely related nonhuman primates (NHPs).
Gene expression has previously been profiled in the developing human NCX (Abrahams et al., 2007; Colantuoni et al., 2011; Ip et al., 2010; Johnson et al., 2009; Kang et al., 2011; Lambert et al., 2011; Sun et al., 2005) . However, most of these studies were restricted to a small number of areas and time points. Furthermore, a number of genes was found to be expressed asymmetrically in the early fetal (Sun et al., 2005) NCX, but not in midfetal or adult NCX (Hawrylycz et al., 2012; Johnson et al., 2009; Lambert et al., 2011) , suggesting that transcriptional asymmetry may be temporally regulated. In the present study, we analyzed the temporal dynamics and left-right asymmetry of NCX topographic gene expression across the full course of fetal and postnatal development and adulthood.
RESULTS

Interareal Transcriptional Divergence Exhibits a Temporal Hourglass Pattern
Our previous analyses of gene expression in the human brain revealed robust transcriptional differences among topographically defined areas of the fetal and, to a lesser extent, adult NCX (Johnson et al., 2009; Kang et al., 2011) . To analyze temporal progression and left-right asymmetry of areal gene expression, we performed a secondary analysis of this data set (Kang et al., 2011 ) that included 11 topographically defined NCX areas corresponding to the orbital (OFC), dorsolateral (DFC), ventrolateral (VFC), medial (MFC), and primary motor (M1C) cortices of the frontal lobe; the primary somatosensory (S1C) and posterior inferior (IPC) cortices of the parietal lobe; the primary auditory (A1C), posterior superior (STC), and anterior inferior (ITC) cortices of the temporal lobe; and the primary visual (V1C) cortex of the occipital lobe ( Figure 1 and Supplemental Experimental Procedures, Note 2 for topographic sampling, available online). This data set was generated using 886 tissue samples isolated from left and right hemispheres of 53 clinically unremarkable postmortem human brain specimens spanning from early fetal development through old age (from 10 weeks of postconception [PCW] to 82 years of age), which corresponded to periods 3-15, as previously designated, an interval during which all of the analyzed putative functional areas were represented (Kang et al., 2011) (Tables S1A and S2) .
The areal localization of dissected NCX samples was previously verified by histology in the postnatal brains and matched across fetal periods using the same anatomical landmarks (Supplemental Experimental Procedures, Note 2; see also Kang et al., 2011) . A hierarchical clustering of both fetal and postnatal NCX samples confirmed their grouping by topographical proximity and functional overlap (Figure 2A ). Principal component analysis also revealed that transcriptional differences across periods account for the majority of the variance among NCX samples ( Figure S1A ), indicating that NCX areal gene expression is strongly developmentally regulated.
To investigate how putative areal transcriptional differences change over time, we used ANOVA to identify genes that exhibit differential expression (DEX) among areas in each period (henceforth referred to as the interareal divergence; Supplemental Experimental Procedures, Note 3.3). This analysis revealed that interareal transcriptional divergence, but not the total number of expressed genes, exhibits a previously unrecognized temporal hourglass pattern, with robust and dynamic differences found prenatally and, to a lesser extent from adolescence onward, with few in infancy and childhood (Figures 2B and S1B) . In contrast, differential expression among other (nonneocortical) brain regions did not exhibit the same temporal hourglass pattern ( Figure S1B ).
We also analyzed the genotype of individuals using the data previously generated using Illumina HumanOmni 2.5 SNP arrays (Kang et al., 2011) to test whether the hourglass pattern could be explained by a reduction in the genetic diversity among individuals in periods 8 to 11. We observed that the genetic diversity of samples varies throughout development in a random way, without any observable pattern for periods 8 to 11 compared with others. We also found no relation with the number of samples ( Figure S1C ).
To estimate the contribution of differences in specific putative areas to the overall interareal divergence, Tukey's pairwise comparison was performed after ANOVA to determine the total number of significant (p < 0.01) DEX gene comparisons of each area with all the other areas for a given period. The relative contribution of areas to the overall hourglass shape varied across periods. During fetal periods, MFC, ITC, and the primary areas (V1C, A1C, S1C, and M1C) exhibited the most prominent dissimilarity, whereas only MFC and V1C showed robust dissimilarities during adolescence and adulthood ( Figure 2C ). Together, these findings show that the pattern of interareal transcriptional divergence is specified over time and exhibits an hourglass pattern, with infancy and childhood representing a long phase of minimal divergence. Our results also show that the spatial pattern of interareal divergence is mainly driven by a subset of putative functional areas.
Temporal Transcriptional Hourglass Pattern Reflects Putative Areal and Functional Differences
We hypothesized that increased interareal transcriptional divergence during fetal development and from adolescence onward reflects the differences in the underlying molecular and cellular processes between these two phases. Consistent with this hypothesis, only 848 of 3,125 (27%) interareal DEX genes were DEX both in fetal development and from adolescence onward. To gain insights into the differential organization of the NCX transcriptomes during the two phases of increased interareal differences, we performed weighted gene coexpression network analysis (Supplemental Experimental Procedures, Note 3.7) to identify modules of coexpressed genes with oftenshared functional relevance. Within fetal development, we identified 122 modules (M1-M122: Table S4A ), and from adolescence on we found 207 modules (M123-M329; Table S4B ). Functional annotation of the modules revealed significant differences between the organization of fetal and adolescent/adult differential putative areal transcriptomes. Furthermore, the gene ontology (GO) enrichment analysis (Supplemental Experimental Procedures, Note 3.8) revealed significant differences between fetal and adolescent/adult DEX and also between coexpression modules in the enrichment for GO categories (Tables S3 and S4). Among exclusively fetal GO categories were mostly categories related with developmental processes, such as phosphoprotein, neuron differentiation, cell cycle, neuron development, cell morphogenesis, mitosis, cell morphogenesis involved in neuron differentiation, cell adhesion, and cellular component morphogenesis (Bonferroni adjusted p % 6.61 310 À11 per category; Table S3A ). In contrast, exclusively adolescent and adult GO categories were mostly related to processes associated with neuronal and synaptic function, including synaptic vesicle, transport, domain:C2 1 and 2, intrinsic to plasma membrane, intrinsic to membrane, clathrincoated vesicle, neurological system process, neurotransmitter binding, coated vesicle, integral to membrane, and monovalent inorganic cation transport (Bonferroni adjusted p % 2.39 3 10 À6 per category; Table S3C ).
Many fetal coexpression modules had pronounced gradients and/or well-defined compartments with distinct boundaries (Figures 3A-3H ). In addition to expected gradients with prefrontal/frontal-enriched graded expression along the anterioposterior axis (e.g., M54, M62, M80, and M91), we found patterns including those with temporal (e.g., M2 and M13), occipital (e.g., M105), occipitotemporal (e.g., M5), perisylvian 
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The anterior third of the middle third of the cerebral hemisphere, medial third and upper part of the lower third of the dorsolateral surface, caudal to M1C Brodmann areas 1, 2, 3
IPC Posterior inferior parietal cortex
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The posterior third of the medial wall of the prospective occipital lobe Brodmann area 17 (e.g., M118), and ventromedial areas (MFC, OFC, and V1C; e.g., M100). The majority of the modules exhibited temporally specified areal patterns that changed dramatically across fetal periods and lost their prominent areal differences postnatally (Figures S2A-S2H and also see Tables S4A and  S4B S3I , and S3J), displayed expression gradients along the rostrocaudal axis in anterior-posterior and posterior-anterior directions, respectively. We also validated genes with enriched expression in the temporal lobe areas, such as NR2F2 (COUP-TF2) ( Figure 3L , S3C, and S3D), a gene enriched in the caudal ganglionic eminence and involved in migration of interneurons (Tripodi et al., 2004) , or restricted to the putative temporal lobe areas, including the previously uncharacterized gene C13ORF38 (Figures 3J, S3E, and S3F) . Immunohistochemical analysis validated regional differences in the expression of WNT7B and NR2F2 and revealed cell-type-specific differences in their expressions. Immunolabeling for WNT7B was enriched in future layer 5 pyramidal neurons of the occipitotemporal cortical plate, which were organized into columns ( Figure S4A ). NR2F2 was enriched in the upper part of the fetal temporal cortical plate including the islets in the entorhinal cortex ( Figure S4B ). Adolescence and adulthood coexpression modules exhibited more stability over time and less complex spatial patterns . Consistent with our previous finding of dramatic differences in the number of DEX genes among areas in these periods ( Figure 2C ), the most common areal coexpression patterns reflected enrichments in MFC (e.g., M215), V1C (e.g., M214), MFC, and ITC (e.g., M239), and differences between the primary sensory-motor areas (e.g., M269) and association areas (e.g., M183). Expression patterns of several intramodular hub genes were validated with qRT-PCR (median r = 0.82), such as GABRQ in MFC, TRPC3 in V1C, VAV3 in primary sensory areas, and BAIAP3 in all association areas . Together, these findings indicate that the transcriptional hourglass pattern reflects differences over time in processes related to the construction and functional specializations of areas.
Certain Prenatal Expression Patterns Differ between Human and Macaque
To investigate whether some of the observed temporally regulated interareal expression patterns exhibit interprimate divergence, we performed qRT-PCR on the previously selected intramodular hub genes ( Figures 3I-3L , 4F-4I, and S3) in homologous regions of human and rhesus macaque neocortices at equivalent ages (Supplemental Experimental Procedures, Note 5). In total, we analyzed all 11 NCX areal samples in 38 human and 21 macaque developing and adult brains (Supplemental Experimental Procedures, Notes 4 and 5, and Table S1C). Of the hub genes that had prominent interareal differential expression prenatally but not postnatally (CLMP, C13ORF38, NR2F2, WNT7B, KCNK12, and WBSCR17) , only NR2F2 and WNT7B had spatiotemporal areal expression profiles that were well correlated (r > 0.8) between human and macaque, indicating that their expression patterns are well conserved. In contrast, Figure S1 and Table S3 .
the interareal expression pattern of WBSCR17 was only conserved during late-fetal periods (r > 0.8), while KCNK12 had moderate correlation only during early fetal periods (r = 0.63), indicating that some of the spatiotemporal expression patterns are shaped by regulatory programs that differ between humans and NHPs ( Figures 3I-3L and S3A-S3L). Comparative analysis of adolescent and adult intramodular hub genes (BAIAP3, GABRQ, TRPC3, and VAV3) revealed that the interareal expression patterns of BAIAP3 and VAV3 were conserved in both adolescent and adult human and macaque NCX (r > 0.8) . In contrast, the spatial expression patterns of GABRQ and TRPC3 were only conserved in adulthood (r > 0.8) but not in adolescence (r % 0.6). While limited in their scope, these findings show that certain intramodular hub genes exhibit temporally regulated and species-differential interareal expression patterns and may reflect broader differences in developmental gene expression programs between the two primates.
Increased Synchronization of Postnatal Areal Transcriptional Trajectories
Previous work has shown that NCX areas mature at different rates with primary sensory-motor areas maturing first, followed by association areas (Flechsig, 1901; Rapoport and Gogtay, 2008; Sowell et al., 2003) . To investigate the transcriptional dynamics associated with areal maturation, we generated intra-areal global expression trajectories by correlating the transcriptome profile of each sample to the averaged transcriptome profile of the corresponding area in midadulthood (period 14; Supplemental Experimental Procedures, Note 3.5.1). We also correlated the transcriptome profiles to the corresponding putative area in early fetal development (period 3), to control for putative bias of selecting a specific period ( Figure 5A ). These trajectories allowed us to detect large-scale changes in the transcriptome over time in individual putative functional areas. Surprisingly, all areal maturational trajectories had similar shapes, with steep increases during mid-and late fetal Table S4. development and the major inflection point on the curve during late infancy ( Figure 5A ). However, the average deviation of the areal trajectory from the average overall maturational trajectory (maturational difference index; see Supplemental Experimental Procedures, Note 3.5.2) varied more among putative areas during fetal than postnatal periods ( Figure 5B ). MFC and ITC appear to mature faster than other areas prenatally, while DFC and V1C mature slower. Thus, interareal differences in maturational rates did not follow the global anteroposterior or mediolateral neurogenetic gradients observed in rodents (Bayer and Altman, 1987) . Furthermore, these findings indicate that at the global level putative areal transcriptomes become more synchronized during postnatal development. Interestingly, we also observed a decline in some areal trajectories, most prominently in V1C, in period 15. Moreover, V1C changes in aging deviate in the same direction in both fetal and adult trajectories, suggesting that the changes are not a reversal toward fetal expression as previously reported (Colantuoni et al., 2011) but instead are likely unique to the aging process. These transcriptome changes could not be explained by the difference in confounding factors between V1C and non-V1C areas (RIN, p = 0.41; PMI, p = 1; pH, p = 1) or between adult periods (RIN, p = 0.96; PMI, p = 0.84; pH, p = 0.13). Consistent with previous findings in aged prefrontal cortex (Colantuoni et al., 2011) , this suggests that aging is associated with global transcriptomic changes that vary considerably among NCX areas.
Next, we followed the maturational trajectories of specific neurobiological processes and categories, using the first principal component to summarize the expression of genes associated with various developmental processes (Supplemental Experimental Procedures, Note 3.6). Notable trajectories and differences in their onset times, rates of increase and decrease, and shapes were observed within and between putative areas. Many showed more prominent interareal variations prenatally than postnatally (Supplemental Experimental Procedures, Note 3.6, and Figures S5 and S6 ). These included cell proliferation (which displayed anteroposterior and mediolateral gradients), dendrite development, and synapse development (which showed accelerated rate in M1C and S1C). Some trajectories, such as myelination, were variable both prenatally and postnatally ( Figures S6E and S6F ). These findings indicate that specific transcriptional trajectories, similar to interareal divergence, vary across the putative areas, with prenatal development being generally more variable.
Putative Areal Transcriptomes Are Globally Symmetric across Time
Since the initial discoveries of the functional lateralization of speech and language in the perisylvian areas of the NCX (Broca, 1861; Dax, 1865; Wernicke, 1874) , an abundance of data has demonstrated functional and structural asymmetries between hemispheres (Amunts et al., 2003; Chi et al., 1977; Cullen et al., 2006; Geschwind and Levitsky, 1968; Hayes and Lewis, 1993; Kasprian et al., 2011) . However, transcriptome studies of left-right differences in NCX gene expression are rare and limited by a small and temporally restricted data set (Hawrylycz et al., 2012; Johnson et al., 2009; Lambert et al., 2011; Sun et al., 2005) . Furthermore, previous findings are also inconsistent, as evidence for gene expression asymmetry has been found in early fetal (Sun et al., 2005) , but not in midfetal or adult, NCX (Hawrylycz et al., 2012; Johnson et al., 2009; Lambert et al., 2011) . Since gene expression differences between hemispheres might be subtle, we relaxed our criteria and used an FDR < 0.1 without fold change cutoff. Nevertheless, we failed to identify statistically significant interhemispheric differences across fetal and postnatal time span, using a paired t test (Figures 6A and 6B ). Since microarray-based analyses are limited to those genes included in the platform, we further investigated the lateralization of gene expression using mRNA-sequencing (mRNA-seq). This technique allows for unbiased profiling of mRNA transcripts in a wider dynamic range than microarrays (Wang et al., 2009) and thus can detect rare and unknown transcripts as well as more subtle gene expression differences between samples. We performed mRNA-seq (see Figure S7 for quality control measures) on the left and right STC samples from 11 randomly selected brains covering the fetal and postnatal time span (periods 3-15; Table S1B ). STC plays an important role in language lateralization (Geschwind and Levitsky, 1968; Wernicke, 1874) and is the earliest NCX area known to show signs of structural asymmetry in the fetal brain (Chi et al., 1977; Kasprian et al., 2011) . mRNA-seq analysis detected only one gene (SHANK3) with a statistically significant (FDR < 0.1) left-right bias in expression ( Figure 6C ). However, the right-biased SHANK3 expression was not detected in the larger number of samples analyzed by exon array extended probe sets (data not shown). This indicates that the asymmetric SHANK3 expression observed with mRNA-seq was probably due to the sampling of a subset of analyzed fetal brains, as this bias disappeared when a larger number of brains were analyzed.
To test the concept of the arrival of corresponding developmental stages sooner in the right than in the left hemisphere (Taylor, 1969; Thatcher et al., 1987) , we compared the individual areal maturational trajectories between hemispheres. This analysis revealed no trend in faster maturation of one hemisphere over the other (Figure 7 ). Our findings indicate that, at the population level, areal transcriptomes are globally symmetric across the full course of human neocortical fetal development and adulthood.
DISCUSSION
Our analyses of the temporal dynamics and bilaterality of putative areal transcriptomes revealed several unexpected aspects of human neocortical development. We uncovered that the degree of transcriptional differences between areas, as measured by the number of DEX genes, is regulated over time in an hourglass pattern. The greatest interareal differences were found prenatally, followed by a phase of minimal interareal transcriptional divergence during infancy and childhood and the increase in interareal difference, to a slighter degree, from adolescence onward.
We also provided evidence that these three major phases of interareal transcriptional divergence reflect underlying developmental and functional differences. Fetal DEX genes and coexpression modules had highly dynamic spatiotemporal expression patterns and tended to be related to early neurodevelopmental processes associated with cell generation and neural circuit construction. Consistent with this finding, previous neuroanatomical studies have shown that area-specific features of axonal projections and neuronal differentiation are already evident in the midfetal NCX (Johnson et al., 2009; Kwan et al., 2012; Vasung et al., 2010) . Interestingly, the relative contribution of areas to the overall interareal transcriptional divergence varied across fetal development and may reflect the underlying processes involved in areal patterning. Additionally, our results indicate that fetal MFC and ITC, which have high numbers of DEX genes and global transcriptional trajectories that point to faster maturation, may have differentiated earlier than other analyzed areas. This developmental pattern brings to mind the evolutionary pattern of NCX differentiation arising from dual archicortical and paleocortical moieties (Sanides, 1969) . Also, the increased transcriptional divergence of prospective primary motor-sensory areas (V1C, A1C, S1C, and M1C) is suggestive of their early transcriptional specifications. The fetal phase of robust transcriptional differences is followed by a phase of sharply reduced interareal transcriptional divergence that spans late fetal development through the Volcano plots show the range of fold differences and p values of gene expression between left and right hemispheres in fetal, infancy to adolescence, and adulthood. SHANK3 is the only significantly DEX gene, during the fetal period (FDR threshold of 0.1), but with low fold ratio. See also Figure S6 and Table S5. extended period of infancy and childhood, during which time areas become more transcriptionally similar. In addition, the global gene expression maturational trajectories become more synchronized over the course of early postnatal development. We hypothesize that this areal transition from high divergence to similarity as well as increased synchronization are related to coincidental changes in neurodevelopmental processes. Over one hundred years ago, Brodmann discovered (Brodmann, 1909) that the anatomy of the entire neocortical plate is transiently transformed by the appearance of an ontogenetic six-layered Grundtypus (i.e., the fetal equivalent of future layers 2-6) during late fetal and neonatal development (periods 7 and 8 in this study). During those periods layer 5 pyramidal neurons also transiently express nitric oxide synthase 1 protein throughout the human NCX (Kwan et al., 2012) . In addition, the human NCX exhibits more widespread synchronized intra-and interhemispheric network activity around birth and in infancy (Fransson et al., 2007; Khazipov and Luhmann, 2006) . Thus, these global molecular and functional changes in the late fetal and neonatal human NCX may provide the mechanisms by which areas become more similar in their expression patterns.
The drop in interareal transcriptional divergence extends throughout early postnatal development when neocortical map undergoes reorganization largely through the influence of experience and environmental and social inputs (Johnson, 2001) . Furthermore, infancy and childhood are critical and sensitive periods for the acquisition and refinement of cognitive and motor functions characterized by substantial plasticity (Johnson, 2001; Rapoport and Gogtay, 2008) . Thus, we hypothesize that after the initial establishment of area-specific subcortical and corticocortical projections during prenatal development, the robust interareal transcriptional differences are no longer needed and are superseded by more general neuronal and glial differentiation transcriptional programs involved in the maturation of neural circuits. Some of these more general programs, such as the transcription of myelination genes, also exhibit interareal difference in the neonatal and postnatal NCX, but they appear to be less robust or less dynamically regulated than many fetal programs. Specific transcriptional trajectories seem to be more synchronized between areas than expected from analyses of maturational trajectories of several phenotypic traits such as synaptogenesis (Huttenlocher and Dabholkar, 1997) , cortical thickness (Giedd et al., 1999; Sowell et al., 2003) , and myelination (Flechsig, 1901) . This observation also suggests that some phenotypic interareal differences arise in part by posttranscriptional and activitydependent mechanisms. Interestingly, in contrast to the classic hierarchical model of human cortical areal development, the peak of synaptogenesis and overproduction of neurotransmitter receptors occur concurrently among layers and areas of the developing macaque cerebral cortex (Rakic et al., 1986; Lidow et al., 1991) .
Interareal transcriptional divergence increases again during adolescence, a period of great developmental changes in the human brain (Giedd et al., 1999; Johnson, 2001; Sowell et al., 2003) , and throughout adulthood as the brain matures and ages. Unlike genes from the fetal phase, DEX genes and coexpressed genes during adolescence and adulthood tend to be related to categories such as synaptic transmission and cell-cell signaling. Thus, adolescence and adulthood, especially the aging process, are accompanied by specific changes in regional/areal transcriptomes.
Interestingly, the temporal pattern of interareal transcriptional divergence resembled the hourglass model of transcriptome divergence among various species of fruit fly (Domazet-Lo so and Tautz, 2010; Kalinka et al., 2010) . We show here that some of the genes that show interareal differential expression over time also display divergence between humans and rhesus macaques, suggesting a possible role for differences in gene expression patterns in human evolution.
The finding of dramatic temporal differences in interareal patterns of gene expression also points to even small differences in age as an important confound in the analysis of areal differences in gene expression across development in healthy and disease brains.
Our findings also show that putative areal transcriptomes are largely symmetrical at the population level and that left and right hemispheres mature at similar rates across the full course of human fetal development and adulthood. Noteworthily, our study design does not allow us to exclude the possibility that there could be transcriptional asymmetry present in areas we did not profile, that we are overlooking asymmetry diluted at the population level by interindividual variations, that asymmetry might be limited to the small subset of genes not present on the array or uniquely mapped by RNA-seq, or that it might be driven by more subtle changes in specific cellular components that we were unable to detect. Our findings are consistent with structural imaging studies showing strong bilateral symmetry of the neocortex (Chen et al., 2011) as well as reports of an unexpectedly high percentage of monozygotic twin pairs that are discordant for handedness (see McManus and Bryden, 1991) . Together, these observations suggest that at least some of the aspects of neocortical asymmetry could be driven by stochastic, hormonal, epigenetic, functional connectivity-based, and/or experience-dependent mechanisms (see also Geschwind and Galaburda, 1985; Hobert et al., 2002; McManus and Bryden, 1991; Sun and Walsh, 2006; Toga and Thompson, 2003) that are not clearly reflected in the population-level hemispheric gene expression differences.
EXPERIMENTAL PROCEDURES Samples and Time Periods
For this study, we used a subset of a previously reported data set (Kang et al., 2011) . In that data set, the full course of human brain development and adulthood was divided into 15 periods. Neocortical areas from periods 3 to 15 were analyzed in the current study. Additionally, for validation of selected hub genes, we used homologous areas from rhesus macaque, at equivalent developmental periods (Clancy et functional areas, analyzed in this study can be found in Table S2 and Figure 1 , respectively. Tissue was collected after obtaining parental or next of kin consent and with approval by the institutional review boards at the Yale School of Medicine and at each institution from which tissue specimens were obtained. Tissue was handled in accordance with ethical guidelines and regulations for the research use of human brain tissue set forth by the National Institutes of Health (http:// bioethics.od.nih.gov/humantissue.html) and the WMA Declaration of Helsinki (http://www.wma.net/en/30publications/10policies/b3/index.html).
Differential Expression Analyses
We used ANOVA to identify differentially expressed (DEX) genes in the NCX. p values from ANOVA were corrected for multiple comparisons using the Benjamini and Hochberg FDR method (Benjamini and Hochberg, 1995) , and a conservative statistical threshold (FDR < 0.01 and minimum fold difference >2 between NCX areas) was used to identify DEX genes. To assess the influence of each area to DEX genes, we used a post hoc Tukey's HSD (honestly significant difference) test.
To control for differences in sample size, we used random subsampling to calculate the number of expressed and DEX genes. Samples were divided into three groups: prenatal, postnatal, and adult. The number of samples randomly chosen was calculated as three-fourths of the lowest number of samples contained within any of the three groups. For 100 trials, this fixed number of samples was randomly drawn from each group and the number of expressed or DEX genes was calculated using the selected subset of samples.
Transcriptome Maturation
We calculated the mean gene expression for every neocortical area for periods 14 and 3 as references for adulthood and early fetal development, respectively. Then, we compared each sample to their reference sample using Pearson correlation.
We also calculated the average maturational trajectory for all areas. The deviation from the average maturational trajectory for each area was used to calculate the maturational difference index.
Weighted Gene Coexpression Network Analysis WGCNA package Horvath, 2008, 2012) was applied to samples from periods 3-6 and periods 12-15. Only genes with log2-expression value greater than 6 in any sample and coefficient of variation greater than 0.05 were used for analysis. Each module was summarized by an eigengene, which is the first principal component of the scaled module expression. Thus, the module eigengene explained the maximum amount of variation of the module expression levels.
Gene Ontology Enrichment Analysis
Functional enrichment was assessed using DAVID Bioinformatics Resources 6.7 (Huang et al., 2009a (Huang et al., , 2009b .
Analysis of Left-Right Bias in Gene Expression
Differences in gene expression between left and right hemispheres were analyzed by the combination of a sliding window algorithm and a paired t test. The sliding-window algorithm was used to detect left/right gene expression differences within a group of sequential periods. The window size was set to span four periods.
Using the Illumina sequencing protocol, we also sequenced STC from both left and right hemispheres of 11 brains. After processing the data (see the Supplemental Experimental Procedures for more details), a paired t test was applied to determine whether the expression level of a given gene in one hemisphere was significantly different from that in the other hemisphere, for fetal, postnatal, and adult individuals. p values from t tests were transformed to FDR using the Benjamini and Hochberg method (Benjamini and Hochberg, 1995) . For each gene, the fold difference (log2 transformed) between left and right hemisphere samples in each region was also calculated. An FDR of 0.1 was used as a cutoff to identify genes that are DEX between left and right hemispheres in each window.
Quantitative Real-Time PCR An aliquot of the total RNA that was previously extracted from each brain region was used for secondary validation through real-time PCR analysis. One microgram of total RNA was used for cDNA synthesis using SuperScript III First-strand synthesis Supermix (Invitrogen) and subsequently diluted with nuclease-free water to 1 ng/ml cDNA. Gene-specific high-melting temperature primers for genes of interest were designed using NCBI/Primer-BLAST and expressed sequence information obtained from GenBank (NCBI). PCR reactions were conducted on an ABI 7900 Sequence Detection System (Applied Biosystems) using a hot start SYBR-green-based method (Fast SYBR Green Master Mix, ABI) followed by melt curve analysis to verify specificity of the product. The Ct value (cycle number at threshold) was used to calculate the relative amount of mRNA molecules. The Ct value of each target gene was normalized by subtraction of the Ct value from housekeeping genes to obtain the DCt value. The relative gene expression level was shown as ÀDCt. All genes of interest were normalized to the housekeeping gene RPL32. For each quantitative real-time PCR experiment, three technical replicates from three brains per stage (except in period 7, where we had 2) were used. Monkey brains used for quantitative real-time PCR experiments are listed in Table S1C .
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